in AMPA-receptor density, combined with the loss of synapses and the concurrent behavioral abnormalities, suggests that neuronal signal processing is substantially compromised in LP-BM5-infected mice.
While the CNS damage observed in these mice is consistent with a chronic excitotoxic lesion (14) , the excitotoxins involved have not been completely identified. Given the existence of activating anti-AMPA-receptor Ab's in patients with chronic neurodegenerative diseases (5, 6 ) and the hypergammaglobulinemia (16) and loss of GluR3 subunits observed in LP-BM5-infected mice (15) , we have investigated these mice to determine if they produce anti-AMPA-receptor Ab's as part of their infection and to delineate the role of these Ab's in chronic neurodegeneration.
Materials
Animal preparation and IgG purification. Male mice were housed and fed according to NIH Association for the Assessment and Accreditation of Laboratory Animal Care guidelines, and inoculated intraperitoneally at 4-6 weeks of age with LP-BM5 MuLV stocks. LP-BM5-infected (8-10 weeks after inoculation) and control (uninfected littermate) C57BL/6 mice were used, as well as LP-BM5-infected DBA2/J and ecotropic virus-infected C57BL/6 mice.
Infected and control mice were anesthetized (80 mg/kg pentobarbital), bled, then perfused with heparinized PBS (0-4°C). The brains were homogenized in 0.32 M sucrose/10 mM Tris HCl, pH 7.4, then centrifuged at 40,000 g for 20 minutes. An equal volume of binding buffer (Pierce Chemical Co., Rockford, Illinois, USA) was added to serum or brain supernatants, filtered, then applied to immobilized protein A/G affinity columns (Pierce Chemical Co.). IgG was eluted from the columns according to the package instructions. The eluates were desalted on 30 ml dextran columns (Pierce Chemical Co.), pooled, and concentrated with 50-kDa exclusion centrifugal filters (Millipore Corp., Bedford, Massachusetts, USA) to yield similar IgG protein concentrations. Some IgG isolates were prepared using thiotropic gel-affinity chromatography (Pierce Chemical Co.).
Total and IgG protein concentrations were determined using bicinchoninic acid and mouse IgG assay kits (Pierce Chemical Co.). The purity of IgG prepared from LP-BM5 brains using new protein A/G columns was approximately 88% (140 ± 26 ng/µl IgG, 160 ± 47 ng/µl total protein; n = 5) for brain, 93% (270 ± 30 ng/µl IgG, 290 ± 43 ng/µl total protein; n = 4) for serum. Brain IgG extracts prepared with T-gel columns were of lower purity (IgG protein: 79 ± 8 ng/µl; total protein: 260 ± 92 ng/µl). Free glutamate levels were measured in IgG extracts using o-phthaldialdehyde derivatization, followed by separation using reverse-phase HPLC with fluorescence detection (17) . Histology of IgG binding within the brain was performed using peroxidase-conjugated anti-mouse IgG F(ab′) 2 fragments (1:250; Sigma Chemical Co., St. Louis, Missouri, USA) (13) .
Immunoprecipitation. Brain tissue (40 mg) was homogenized in 300 µl of TNESV buffer (50 mM Tris-HCl, pH 7.6, 100 mM NaCl, 1% NP40, 2 mM EDTA, 1 mM sodium orthovanadate, 10 mM AEBSF, 100 mg/ml leupeptin, and 20 mg/ml aprotinin) at 0-4°C. The samples were centrifuged and supernatant aliquots (150 µg protein) were incubated (1 hour, 0-4°C) with 5.6 mg of protein A beads (Pierce Chemical Co.) in TNESV buffer (500 µl). Unprecipitated protein samples (15 µg) were directly immunoblotted to determine the quantity and quality of the target proteins. Alternatively, mouse IgG preparations (6-8 µg of IgG protein) or commercially available Ab's to GluR1, 2, 2/3, or 4 (Chemicon International, Temecula, California, USA) were incubated with protein A/G beads (Pierce Chemical Co.). After extensive washing, recombinant GluR subunits were added to the incubation mixture. These subunits were expressed in HEK 293 cells transfected with plasmids containing genes for either GluR1, 2, 3, or 4 (5 µg DNA) using FuGENE 6 (Roche Molecular Biochemicals, Indianapolis, Indiana, USA). The recombinant GluR preparations or untransfected HEK cells (40 µg protein) were incubated with the bead-coupled Ab's (24 hours, 0-4°C), then washed. After immunoprecipitation, beads were boiled in Laemmli buffer, the supernatant subjected to SDS-PAGE, and blotted (15) with Ab's to the appropriate subunit (αGluR1, 1:200; αGluR2, 2/3, 1:1000; Chemicon International). LP-BM5 virus or ecotropic virus stocks, or uninfected SC-1 cells, were used to assess IgG interaction with viral proteins. The cell preparations were concentrated (10-kDa exclusion centrifugal filters; Millipore Corp.), aliquots (25 µg protein) were applied to PVDF membranes in a microdot apparatus (Bio-Rad Laboratories, Hercules, California, USA), and they were incubated 2 H]nicotine).The assays were incubated an additional 1-2 hours at 0-4°C (except CGS 19755, which was incubated for 30 minutes at 25°C), terminated by rapid filtration, and counted. [ 3 H]AMPA (2.5-800 nM) was used to define AMPA receptors in saturation assays. The equilibrium-binding constants for all assays were determined using nonlinear regression (Prism II; GraphPad Software for Science Inc., San Diego, California, USA).
Electrophysiology. Primary cultures of rat hippocampal neurons were prepared (18, 19) , and recordings made (25°C) on neurons cultured 10-14 days. Before each experiment, culture media was replaced with external recording solution (140 mM NaCl; 5 mM KCl; 0.1 mM CaCl 2 ; 10 mM HEPES; pH 7.4, 320 mOsm/kg) supplemented with tetrodotoxin (TTX; 1 µM), aminophosphonovalerate (APV; 100 µM), and strychnine (1 µM). Hippocampal neurons were used for experimentation if the membrane potential (≤60 mV) was achieved without current injection. All experiments were conducted from a holding potential of -70 mV.
Control and test solutions were applied through a gravity-fed, multibarrel, rapid-perfusion system (18, 19) positioned 200 µm from the neuron. Neurons were constantly bathed with either control or test solutions, and only one valve was opened at a time. Clampfit (pCLAMP software; Axon Instruments Inc., Burlingame, California, USA) was used to measure peak current amplitudes and calculate the evoked-current 10-90% rise time and single exponential time constant (τ).
In vitro cytotoxicity. Primary cultures of granule neurons were prepared from cerebella of 8-day-old Sprague-Dawley rat pups (20) . On the day of testing, the medium was removed, the cells rinsed twice and replaced with Locke's solution, containing cyclothiazide (50 µM), dizocilpine (10 µM), 1,2,3,4-tetrahydro-6-nitro-2,3-dioxo-benzo[f] quinoxaline-7-sulfonamide (NBQX; 10 µM), AMPA (100 nM to 100 µM), or IgG preparation (1-1000 ng/500 µl). The cells were incubated in these solutions for 21 hours, after which 25-µl aliquots were removed for measurement of lactate dehydrogenase (LDH) activity (Promega Corp., Madison, Wisconsin, USA). The OD values derived from the LDH assay were normalized to the percentage of granule neurons killed based upon standard curves for glutamate-induced neuron death and LDH release. Approximately 10% of the granule neurons were dead in the absence of any treatment, while addition of 100 µM glutamate killed approximately 80% of the neurons as determined by trypan blue staining and manual count-
Figure 2
Immunoprecipitation reveals Ab's to native GluR1 and GluR2/3 subunits in LP-BM5-infected mouse brain regions. High levels of GluR2/3 (b), and to a lesser extent, GluR1 subunits (a), were precipitated from supernatants of homogenates of cortex (CTX), striatum (STR), and cerebellum (CB) from uninfected (C) and LP-BM5-infected (M) mice using protein A-conjugated dextran beads (protein A precipitated, PAP). Faint bands corresponding to GluR4 (CB) (c), and NR1 (CTX, STR) (d), were also observed. No IgG/receptor subunit couplings were precipitated from the hippocampus (HPC, unprecipitated: Ctrl) despite the presence of GluR subunits.
ing (20) . For complement assays, guinea pig complement serum or C4-depleted serum (Sigma Chemical Co.) was added to each well at a dilution of 1:20.
Results
LP-BM5-infected mice develop a profound hypergammaglobulinemia (16) , with regionally intense accumulations of IgG-positive immunoreactivity on the plasma membranes of neurons in the caudate/putamen and layers III and IV of the cerebral cortex (Figure 1 ). Immunoprecipitations of IgG-protein complexes from LP-BM5-infected mouse (LP-BM5) brain homogenates indicated the presence of IgG from the cortex and striatum that strongly interacted with GluR2/3 subunits (Figure 2b) , followed by GluR1 (Figure 2a) . IgG from the cerebellum interacted with GluR4 subunits (Figure 2c ). IgG from cortex and striatum also showed weak interactions with NR1 subunits (Figure 2d ). Immunoprecipitations using IgG prepared from LP-BM5 brains and recombinant GluR subunits showed strong Ab interactions with GluR3 (Figure 3c ), weaker interactions with GluR1 (Figure 3a) , and much attenuated binding to GluR2 ( Figure  3b ) and GluR4 subunits (Figure 3d ). Immunoprecipitations using control brain IgG preparations showed no discrete protein bands at approximately 100 kDa for any of GluR subunits. Ab's against GluR1 were found in 17 of 33 IgG preparations tested, while 6 of 13 contained Ab's to GluR2, 14 of 33 to GluR3, and 7 of 13 to GluR4. Twelve extracts reacted with a single subunit, seven interacted with two subunits, three interacted with three subunits, and one extract interacted with all four subunits. IgG prepared from the serum of C57BL/6 mice infected with the nonpathogenic, ecotropic virus component of LP-BM5 and from infection-resistant DBA2/J mice inoculated with LP-BM5 showed no interaction with immunoblots of GluR subunits.
The specificity of LP-BM5 IgG for ionotropic neurotransmitter receptors was further investigated using radioligand receptor-binding assays. LP-BM5 brain IgG preparations (1-50 µl containing 50-7,000 ng IgG protein) inhibited Table 1 ). IgG prepared from control mouse brain or serum inhibited [ 3 H]AMPA binding with low potency and incomplete efficacy. The glutamate concentration in IgG preparations of control (n = 3) and LP-BM5-infected (n = 6) brain extracts was below the limit of assay sensitivity (∼100 nM). The inhibition of [ 3 H]AMPA binding by LP-BM5 brain IgG (0.06 ± 0.02 ng IgG/assay, 56 ± 4.2% inhibition; n = 4) was blocked by boiling the preparation before adding it to the binding assay (93 ± 5.8%; n = 4, P < 0.05, paired t test).
The interaction of infected mouse brain IgG with the AMPA receptor was further characterized using saturation-binding assays. The binding of (Figure 5a) , with a peak amplitude of 3.1 ± 0.4 nA (n = 30). While IgG preparations from uninfected mouse brains had no effect (Figure 5b ), LP-BM5 brain IgG (3%,; Figure 5c ) activated inward currents in all neurons examined, but with a smaller peak current amplitude than KA (590 ± 84 pA, n = 24, vs. 480 ± 61 pA, n = 24, respectively). In paired experiments, the 10-90% rise time for the KA-induced (100 µM) current was 340 ± 100 ms, whereas the rise time for the IgG-induced (3%) current was slower at 1,500 ± 79 ms (P < 0.0001, paired t test; n = 21). Similarly, the time constant (τ) of a single exponential fit for current activation by IgG was slower than KA (KA: 135 ± 39 ms; IgG: 645 ± 65 ms; P < 0.0001, paired t test; n = 21).
The sensitivity of the brain-derived IgG-evoked current to AMPA/KA-receptor antagonists was examined using the competitive antagonist 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX; 50 µM). This compound inhibited KA-evoked (100 µM) currents to 16 ± 4% of control (P < 0.001; n = 11) while reducing the IgG-elicited current amplitude to 67% of control (400 ± 92 to 260 ± 64 pA; P < 0.001, n = 5; Figure 5 Figure 5f ) and 24% of control (100 µM: 450 ± 160 to 80 ± 26 pA; P < 0.05, n = 4, Figure 5 , e and f).
Because AMPA-receptor activation by LP-BM5 IgG may negatively impact neuronal survival, IgG preparations were tested in primary cultures of cerebellar granule neurons. When cyclothiazide was added to block AMPA receptor desensitization (21) and enhance neurotoxicity (22), AMPA released LDH from cultured granule neurons (EC 50 1.8 ± 0.2 µM, n = 4; Figure 6a ), corresponding to the death of approximately 65% of all the neurons in the plate. AMPA-induced neurotoxicity was reduced 75% by coincubation with the competitive AMPA receptor-selective antagonist NBQX (10 µM). Granule neurons exposed to LP-BM5 brain IgG were also damaged in a cyclothiazidedependent, NBQX-suppressible (neuron death decreased 64%) fashion (ED 50 130 ± 21 ng/well, n = 4; Figure 6b ). IgG from control mouse brains did not cause neuronal death at levels above those observed in the presence of cyclothiazide. Neuronal damage induced by LP-BM5 IgG was substantially increased in the presence of complement (IgG: 26 ± 1.5% above control; LDH + complement serum: 200 ± 28% above control; LDH + C4-deficient serum, 20 ± 2.8%, n = 4; P < 0.05, ANOVA), but was cyclothiazide independent. Insights into the mechanism by which anti-AMPAreceptor Ab's were generated were provided by preadsorbing IgG preparations against virus proteins. Preparations of LP-BM5 brain and serum contained Ab's against both LP-BM5 MuLV components and, to a lesser extent, ecotropic virus, but not SC-1 cells (Figure 7a) . Adsorbing IgG to LP-BM5 virus immobilized on PVDF membranes substantially diminished its subsequent ability to inhibit [ 3 H]AMPA binding in three of four preparations tested (IC 50 : 67 ± 13 vs. 18 ± 0.7 µl, with and without virus adsorption, respectively; P < 0.05, t test; Figure 7 , b and c).
Discussion
LP-BM5 retrovirus-infected mice develop hypergammaglobulinemia and increased blood-brain barrier permeability, resulting in enhanced entry of IgG into the brain through the circumventricular organs and focal leaks (15) , where it accumulates on neuron somas. Immunoprecipitations reveal interactions of LP-BM5 brain IgG with ionotropic glutamate-receptor subunits, particularly GluR1 and 3, and to a lesser extent GluR2, 4, and NMDA receptor (NR1) subunits. The interaction of IgG with multiple subunits may reflect Ab production by multiple B-cell clones and/or shared epitopes between receptor subunits. Moreover, the interaction of brain IgG with GluR subunits has functional consequences, as indicated by the modulation of [ 3 H]AMPA binding. This modulation was manifested as a decrease in the density of high-affinity and an increase in low-affinity binding sites. This effect is not a preparation artifact because it was eliminated by thermal denaturation, there was no detectable contamination of the preparations with glutamate, and IgG isolated using two different techniques altered evoked currents from pyramidal neurons of lower amplitude and with slower opening kinetics than that observed with KA. Nonetheless, this activation was reversed by treatment with AMPA-receptor antagonists, consistent with the interaction of IgG preparations primarily with AMPA receptors. Allosteric modulation of AMPA-receptor function has been reported for anti-GluR3 Ab's in an animal model of Rasmussen's encephalitis (5) , where the Ab recognizes a GluR3 subunit site distinct from the glutamate recognition site (25) . The lesser degree of inhibition of brain IgGevoked currents by the competitive antagonist CNQX (19) , the slow activation kinetics of the IgG-evoked current, and the saturation-binding data are all consistent with IgG binding to an allosteric modulatory site on the AMPA receptor to produce an inward current. Unlike previous investigations where anti-AMPA-receptor Ab's were raised in response to immunizations with fusion proteins derived from GluR3 subunit fragments (5, 8) , the present results indicate that anti-AMPA receptor Ab's can be produced in association with a virus-induced immunopathology. This conclusion is supported by the suppression of IgG interaction with AMPA receptors following exposure to immobilized LP-BM5 virus proteins, indicating that virus proteins and AMPA receptors have common epitopes. However, molecular mimicry of viral proteins may be insufficient to produce overt neuropathologies, because neither ecotropic virus-infected mice nor resistant mouse strains inoculated with LP-BM5 (26) yielded anti-AMPA Ab's. Furthermore, preadsorption of IgG to viral proteins did not eliminate activity from all IgG preparations tested. Concurrent immunopathologies, such as the loss of immune surveillance (27) and polyclonal B-cell activation by the def-gag superantigen (28), may be required for the production of high titers of anti-AMPA Ab's during LP-BM5 infection. These mechanisms may also produce Ab's that can interact with neuronal proteins other than AMPA receptors to alter synaptic transmission, as evidenced by the presence of Ab's to other AMPA receptor and NMDA-receptor subunits. Similar mechanisms may also be present in Rasmussen's encephalitis, where Ab's to the synaptic protein munc-18, as well as GluR3, have been described recently (29) .
The electrophysiological studies and in vitro cytotoxicity assays indicate that LP-BM5 IgG preparations can chronically activate AMPA receptors to depolarize neurons, causing excitotoxic damage. The ability of several AMPA-receptor antagonists to block these currents and suppress neuronal damage in vitro, coupled with previous observations that AMPA antagonists inhibit dendritic damage in LP-BM5-infected mice in vivo (13) , imply that these antagonists may constitute an effective treatment modality for neurological syndromes caused by anti-AMPA-receptor Ab's, such as Rasmussen's encephalitis. However, the extent of this protection is unclear. IgGinduced AMPA receptor-mediated neurotoxicity depended upon cyclothiazide to inactivate desensitization mechanisms (21) , while sublethal titers of IgG became neurotoxic in the presence of complement. These results suggest that extensive neuronal death in vivo might require complement fixation and would not be responsive to treatment with AMPA-receptor antagonists.
The present study provides strong evidence that a virus infection produces Ab's that can activate the AMPA receptor and may contribute to excitotoxic brain damage. Moreover, the deleterious actions of these Ab's in vitro are mitigated by AMPA-receptor antagonists, which may be useful in the treatment of patients with autoimmune diseases involving the AMPA receptor. The prevalence of such disorders is currently unknown, but given that LP-BM5-infected mice develop a profound immunodeficiency in addition to their neuropathologies, anti-AMPAreceptor Ab's may be involved in neurodegenerative diseases other than Rasmussen's encephalitis, such as HIV-associated dementia complex (30) . Patients infected with HIV-1 commonly develop a hypergammaglobulinemia with immunoglobulin accumulation in the CNS (31) . Subsets of these patients also show decreased GluRA flop mRNA (32) , synapse loss, myelin pallor (30) , and evidence of excitotoxic neuronal damage (33). Ab's to brain proteins are present in many of these patients (34) , but are incompletely characterized, opening the possibility that anti-AMPA-receptor Ab's may be involved in the development of a wider variety of chronic neurodegenerative disorders than suspected previously.
